The COVID-19 Pandemic {#sec1_1}
=====================

The World Health Organization declared COVID-19 a pandemic. Although the vast majority of COVID positive patients suffer from mild or no symptoms, a proportion of them require hospitalization or even admission to intensive care units (ICUs). These patients may develop acute kidney injury (AKI) and multiple organ failure (MOF) and may require extracorporeal organ support (ECOS) \[[@B1]\]. Kidney involvement in COVID-19 patients may precede, follow, or be concomitant with other organ system failure, and this situation may require fully competent and trained personnel to implement all possible therapeutic options for critically ill patients.

The evolution of continuous renal replacement therapies (CRRTs) from the initial description to the current technology \[[@B2], [@B3], [@B4], [@B5], [@B6], [@B8]\] has permitted worldwide use of extracorporeal therapies in critically ill patients (Fig. [1](#F1){ref-type="fig"}). In intensive care, severe AKI occurs mostly in the context of MOF. The term multiple organ support therapy (MOST), now termed "Extracorporeal Organ Support" (ECOS), encompasses all forms of organ support by an extracorporeal circuit (for instance, renal replacement therapies \[RRTs\], extracorporeal CO~2~ removal \[ECCO~2~R\], veno-arterial or veno-venous \[VV\] extracorporeal membrane oxygenation \[ECMO\], liver support systems, hemoperfusion, and various blood purification devices) \[[@B9]\]. Significant advances in technology and science resulted in the development of new biomaterial, membrane design, and anticoagulation techniques \[[@B10]\], allowing for optimization of treatment dose and modality \[[@B11], [@B12]\]. The possible role of extracorporeal techniques in restoring a balanced immune response by eliminating/deactivating inflammatory mediators was explored \[[@B13]\]. The strategies included high-volume hemofiltration (HVHF), hemoperfusion, plasma exchange, coupled plasma filtration adsorption (CPFA), and the use of high cut-off (HCO) membranes and membranes with enhanced adsorption properties. In parallel, other forms of ECOS were developed, including ECCO~2~R, ECMO, ventricular assist devices, and extracorporeal liver support systems \[[@B9]\](Fig. [1](#F1){ref-type="fig"}). Gradually, the status of RRT was elevated from simple renal support to a platform facilitating individualized multiple organ support (Fig. [2](#F2){ref-type="fig"}).

Rationale for ECOS in COVID-19 Patients {#sec1_2}
=======================================

COVID-19 patients admitted to the ICU display a range of symptoms and organ dysfunction of varying degrees severity. While the majority have pneumonia with single-organ failure, others suffer from a significant derangement of the immune system, producing a cytokine storm and organ damage consequent to cellular injury. Furthermore, severe coagulation disorders sometimes mimics disseminated intravascular coagulation. Continuous and intermittent modalities are not "all or none" approaches to the provision of RRT \[[@B12]\]. Rather, a chosen modality of RRT necessitates thoughtful application to deliver the right therapy for the right patient at the right time. It is also important to recognize that patients may need to transition across modalities. There has been much debate about the apparent lack of differences in efficacy and effectiveness of continuous and intermittent modalities in clinical trials, and no specific evidence is provided for COVID-19 patients. However, confidence in inferences from these data for patient care is limited due to challenges in trial design (i.e., overestimated treatment effects), trial performance (i.e., quality of RRT applied across trials), selection bias of patients enrolled (i.e., lack of equipoise to enrol very sick patients), and non-patient-related biases guiding practice (i.e., clinical service and costs). As such, continuous and the various forms of intermittent therapies should be considered complementary, recognizing neither modality will likely ever show clear evidence of survival advantage across all patients \[[@B7], [@B14], [@B15]\]. In addition, all RRT modalities have important adverse effects. They are unselective, resulting in unrecognized losses of electrolytes, nutrients, and drugs, including antibiotics. Where available, therapeutic drug monitoring should be considered. Other adverse effects include complications related to line insertion and side effects from anticoagulation. Finally, RRT does not provide any of the endocrine and metabolic functions of the kidneys. Despite the above considerations, there are particular clinical circumstances where a specific RRT modality would be preferable \[[@B7], [@B16]\]. In COVID-19 patients with marked hemodynamic instability and/or refractory fluid overload, aggressive extracorporeal ultrafiltration can precipitate or worsen hypotension or decrease cardiac output or both, and delay recovery. Rapid shifts in blood osmolality may precipitate dangerous iatrogenic complications \[[@B17]\]. In these circumstances, there is a strong physiological rationale for initial support with CRRT to offer greater hemodynamic tolerance, consistency in ultrafiltration, and less metabolic and osmotic fluctuations \[[@B7], [@B16]\]. This extends to patients supported by concomitant ECOS (i.e., VV-ECMO for severe respiratory failure), where initial therapy with CRRT is better tolerated \[[@B16], [@B18]\]. Alternatively, forms of prolonged and conventional intermittent RRT have an important complementary role in the support of critically ill patients with COVID-19 infection. These patients may frequently require mobilization and pronation to improve pulmonary gas exchange, and in these circumstances, treatments of 8--12 h may represent a good compromise between continuous and intermittent modalities. Similarly, among patients recovering from critical illness, the transition from CRRT to prolonged intermittent RRT may be advantageous, although no data are available on survival, kidney recovery, or long-term dialysis dependence \[[@B19], [@B20], [@B21], [@B22], [@B23]\]. COVID-19 patients have a tendency to develop a severe inflammatory state and possibly a cytokine release syndrome that may affect kidney function downstream in the time course of the syndrome. Although the optimal time for RRT initiation remains uncertain, observation of frequent episodes of oliguria and dangerous fluid overload during ICU stay suggests an early application, especially in case of inability to maintain adequate fluid balance. Sometimes RRT and ECMO are simultaneously run, and thus, an effort should be made in the future to merge these therapies into a unified platform \[[@B24]\] to reduce nurse workload and risk of errors due to poor compatibility or integration of different systems.

ECOS Modifications in Relation to COVID-19 Requirements {#sec1_3}
=======================================================

In COVID-19 patients, recent platforms allow circuit adjustment to perform different ECOS techniques besides RRT. Although there are only few reports of liver dysfunction in COVID-19 patients, special extracorporeal therapies are available for liver support, if needed \[[@B25], [@B26], [@B27], [@B28]\]. Conjugated or unconjugated bilirubin, bile acids, phenols, fatty acids, cytokines, ammonia, or amino acids can be effectively removed by high-volume plasmapheresis, improving liver function through amelioration of the inflammatory response \[[@B29]\]. For the same purpose, double plasma molecular adsorption system and sequential half-dose plasma exchange have been utilized \[[@B30]\]. The use of hemoperfusion is expanding, thanks to new biocompatible sorbent cartridges. Removal of humoral mediators and cytokines with different columns (CytoSorb®, Cytosorbents, NJ, USA, and HA380, Jafron, China) has been beneficial and improved survival in different conditions \[[@B31], [@B32]\].

Supportive therapy and lung-protective ventilation are the current standard of care for COVID-19 patients with severe respiratory impairment and acute respiratory distress syndrome (ARDS). This approach may limit ventilation-induced lung injury, but it may be associated with insufficient correction of hypercapnia and respiratory acidosis \[[@B33]\].

The technique of ECCO~2~R has been introduced for hypercapnic respiratory failure not requiring significant oxygen support. In general, CO~2~ is produced at a rate of 3--6 mL/kg/min (1 L arterial blood with a partial CO~2~ 40 mm Hg contains 500 mL CO~2~) and has a steep linear dissociation curve without saturation. As such, CO~2~ diffuses from blood more efficiently than O~2~ \[[@B34], [@B35]\]. The effective amount of extracorporeal CO~2~ removal from patients depends on blood flow. Studies have shown progressive CO~2~ removal until blood flow of 800--1,000 mL/min where a ceiling is reached. Low blood flow ECCO~2~R devices (\<0.5 L/min) achieve partial CO~2~ removal. In the SUPERNOVA study, ECCO~2~R facilitated ultra-protective ventilation \[[@B36]\]. ECCO~2~R in combination with RRT has the potential to limit respiratory stress further by removing excess CO~2~ and compensating for respiratory acidosis, thus facilitating reduction in tidal volume (\<6 mL/kg) during lung-protective ventilation strategies \[[@B37], [@B38]\]. This may be particularly appealing in patients with ARDS and concomitant AKI, where compensatory renal mechanisms are less effective in regulating acid-base homeostasis during hypercapnic acidosis. To date, several ECCO~2~R devices are available that can be used in conjunction with RRT hardware using variable blood flows \[[@B34], [@B39], [@B40], [@B41], [@B42], [@B43], [@B44], [@B45], [@B46], [@B47], [@B48], [@B49], [@B50], [@B51], [@B52]\]. Techniques for improving CO~2~ removal with low blood flow devices include (i) RRT using low bicarbonate dialysate (as up to 65% CO~2~ is carried as dissolved bicarbonate ions in plasma and cleared at a rate close to that of urea); (ii) blood acidification during RRT (to increase CO~2~ release) and subsequent blood alkalization to correct acidosis \[[@B53]\]; (iii) coating of the membrane oxygenator with carbonic anhydrase (to convert bicarbonate and carbonic acid to CO~2~ and water) \[[@B54]\]; and (iv) electrodialysis coupled with a membrane oxygenator (to modulate blood electrolyte concentrations and promote bicarbonate conversion to CO~2~) \[[@B51]\]. Several clinical trials are ongoing to determine whether VV extracorporeal CO~2~ removal (VV-ECCO~2~R) and lower tidal volume mechanical ventilation improves outcomes and is cost-effective, in comparison with standard care in patients receiving mechanical ventilation for acute hypoxemic respiratory failure.

Extracorporeal Therapies in Cytokine Release Syndromes {#sec1_4}
======================================================

Although bacterial sepsis is not a common feature in COVID-19 patients, the immune response to the virus may lead in some patients to a similar pathophysiological condition of a "cytokine storm," that is, a severe cytokine release syndrome (CRS) with consequent organ dysfunction. Further organ damage may be induced by intravascular coagulation or micro/macro-thrombosis. Thus, life-threatening organ dysfunction caused by a dysregulated host response to infection depends not only on systemic inflammation due to innate immunity but also on a possible severe immunosuppression due to adaptive immunity. A pathophysiological rationale for extracorporeal therapies to restore "immune homeostasis" in CRS of different origin has been described \[[@B55]\]. Cascade hemofiltration, HVHF, plasmapheresis, hemoperfusion, CPFA, high-adsorption hemofiltration, and HCO/medium cut-off (MCO) membranes have been proposed based on a pathophysiological rationale of cytokine and chemical mediator removal/modulation. Interestingly, in April 2020, the FDA temporarily authorized the emergency use of CytoSorb 300 mL device for the management of CRS in COVID-19 patients \[[@B56]\]. Based on bench performance testing and reported clinical experience, the FDA concluded that the CytoSorb device may be effective at treating certain patients with confirmed COVID-19 by removing various pro-inflammatory cytokines from their blood. Therefore, these therapies, although considered as "under scientific investigation," "salvage," or "compassionate use" interventions, still represent an option for severe CRS and, in particular, for COVID-19 patients where pharmacological alternatives are lacking. The mechanisms by which these techniques might exert beneficial effects remain poorly understood. The nonspecific or specific removal of some damage-associated molecular patterns and/or pathogen-associated molecular patterns most likely plays a key role in the modulation of the inflammatory response to sepsis. This removal may result in a decrease of the peaks of cytokine concentrations and/or a modification of the cytokine/chemokine ratio from the tissues to the blood, positively impacting the leukocyte trafficking \[[@B57], [@B58]\]. However, patients are not homogenous in terms of their inflammatory phenotype and have widely varying levels of cytokines in their blood (e.g., IL-6 can range from \<10 to \>1 million pg/mL) \[[@B59]\]. Applying blood purification to all patients may be beneficial for some and have no effect or even be injurious to others. Therefore, specific criteria should be defined. Other mechanisms such as direct adsorption of activated leukocytes and other cells involved in the immune response are also possibly involved \[[@B60]\]. CD14 expression on monocytes, oxidative burst, and the phagocytosis capacity of granulocytes may represent another mechanism. While HVHF was able to prevent in vitro sepsis-induced endotoxin hypo-responsiveness in animals \[[@B61]\], in humans, HVHF and a HVHF cascade system did not result in survival benefits \[[@B62], [@B63]\]. CPFA has also been utilized to interfere with the host immune response by removing mediators and/or by modifying immune cell phenotype and function. In a pilot study in septic patients, CPFA was more efficient than HVHF in reversing sepsis-induced immunoparalysis \[[@B64]\]. It increased the expression of HLA-DR on monocytes and restored lipopolysaccharide-induced TNF production. However, recently, the COMPACT-2 trial (NCT 01639664), evaluating CPFA in septic shock, was prematurely stopped due to increased early mortality in patients receiving CPFA compared to the control group. Plasmapheresis, plasma exchange, and related techniques have not been extensively evaluated for this indication. Nevertheless, it has been suggested that these therapies might be beneficial in patients with Gram-negative sepsis and when initiated early \[[@B65]\]. Nonetheless, no RCTs have been able to demonstrate a beneficial effect. Recently, the use of double plasmafiltration molecular adsorption system has been described for the above-mentioned indications in a small trial \[[@B30]\]. Hemoperfusion is a method of blood purification based on the interaction between a sorbent and target molecules. Several types of hemoperfusion cartridges, targeting endotoxins or cytokines, are available and are currently assessed across the world. Zhou et al. \[[@B66]\] reported in a meta-analysis that the beneficial effect of blood purification on mortality was mainly driven by the results of studies assessing hemoperfusion with polymyxin-B (PMX-HP, Toraymyxin®, Japan). In addition to hemodynamic and respiratory improvements, the EUPHAS trial suggested a survival benefit for septic patients receiving this therapy \[[@B67]\]. Unfortunately, the subsequent ABDOMIX and EUPHRATES trials did not confirm these promising findings \[[@B68], [@B69]\]. In a post hoc analysis of EUPHRATES however, patients with septic shock and an endotoxin activity assay ≥0.6 to 0.89 had significant benefits with PMX-HP treatment in the form of mean arterial pressure, ventilator-free days, and mortality \[[@B70]\]. A large RCT with CytoSorb® (Cytosorbents, NJ, USA) involving 100 patients with sepsis/septic shock and acute lung injury found 5--18% single-pass removal of IL-6, but no lowering of IL-6 levels with treatment \[[@B71]\]. Another study in 30 patients comparing CytoSorb® versus standard care during cardiopulmonary bypass surgery showed no decrease in pro- or anti-inflammatory cytokines nor an improvement in relevant clinical outcomes \[[@B72]\]. In vitro measurement of 27 inflammatory mediators compared CytoSorb® with a PMX-HPng device and a recently developed adsorptive hemofiltration membrane (oXiris®) \[[@B73]\]. The study showed that oXiris® was the only device to remove both endotoxin and cytokines with similar endotoxin removal to PMX-HP and similar cytokine removal to CytoSorb®. However, to date, no RCTs exploring the oXiris® membrane have been performed. Filters with larger pore size allowing better removal of middle molecules in vitro have also been proposed for blood purification in sepsis \[[@B74]\]. However, a recent double-blind RCT found no beneficial effect in ICU patients with MOF \[[@B75]\]. A series of reports have also been published on the utility of hemoperfusion with neutro-macroporous resin device (HA-330/380, Jafron, China) in patients with sepsis \[[@B76], [@B77]\]. Beneficial effects seem to be related to a significant removal of circulating cytokines. COVID-19 patients may have superimposed sepsis; however, the mechanism of organ damage seems to be quite similar to the immune dysregulation and the cytokine release syndrome observed in septic patients. For this reason, techniques such as PMX-HP, CytoSorb, and HA380 cartridge are used in COVID-19 patients as predicate therapies. Single-center reports of beneficial effects and reduced progression of the disease toward multiple organ dysfunction have been presented in meetings, but solid evidence is still lacking. There is also missing evidence on the use of drugs of any type for the virus infection. For the moment, the pathophysiological rationale is the only reason to suggest the application of these methods, and a case-by-case evaluation is advised, although if such treatments are being considered, it seems logical to apply them early \[[@B55]\].

Native and Artificial Organ Interactions in COVID-19 Patients {#sec1_5}
=============================================================

COVID-19 infection may lead to a cascade with a CTS-mediated multiple organ dysfunction. While organ cross-talk has been well described in the literature, the effects of different types of ECOS on native organ systems are less well known \[[@B9]\]. For example, more than 70% of patients receiving ECMO develop AKI, and the majority are treated with RRT \[[@B18]\]. Although there are multiple reasons for AKI in patients who need ECMO, the exact contribution from ECMO support per se is unknown. Potential contributing factors may be hemolysis, malposition of the cannula leading to renal congestion, iatrogenic plaque rupture during arterial cannulation, and inflammatory reactions in response to blood contact with an artificial membrane. There may also be other more indirect effects; for instance, the pharmacokinetics of antibiotics and sedatives may be altered during ECOS, leading to under- and overdosing \[[@B9]\]. The interaction between different types of artificial organ support needs also to be considered. For instance, ECMO flow is often difficult to maintain during rapid volume removal, so slowing fluid removal with CRRT is usually better tolerated by both the patient and the ECMO circuit. Detailed knowledge of the advantages and drawbacks of combining different types of ECOS and their risks and benefits is essential \[[@B18]\].

Rationale for Extracorporeal Therapies in COVID-19 Patients {#sec1_6}
===========================================================

During the COVID-19 pandemic, several patients admitted to the ICU may develop severe MOF at a later stage of the illness. Direct kidney involvement in COVID-19 infection has an overall low prevalence \[[@B78]\], but when present, it requires specific kidney support and restoration of physiological targets, allowing for recovery and repair. Several possible pathways have been identified, possibly leading to kidney damage. These have suggested the use of extracorporeal support and different blood purification strategies to prevent organ damage, to protect from further insults, and to support organ dysfunction \[[@B1]\]. A significant proportion of COVID-19 patients admitted to the ICU develop a CRS also known as "cytokine storm," with capillary leak syndrome and lung, heart, and kidney dysfunction. Among other mediators, interleukin-6 typically increases together with ferritin and C-reactive protein, and this is considered also a risk factor for developing ARDS \[[@B79]\]. Furthermore, the clinical picture is characterized by severe hypercoagulability. It has been suggested that the use of invasive mechanical ventilation and ECMO may further stimulate the inflammatory response. Cytokine overproduction is involved in lung-kidney and heart-kidney bidirectional interaction. Acute viral cardiomyopathy may in fact contribute to renal congestion and hypoperfusion, while renal medullary hypoxia in ARDS represents an additional insult to tubular cells \[[@B80], [@B81], [@B82]\]. Fluid expansion may lead to positive fluid balance in COVID-19 patients with detrimental effects on pulmonary gas exchange, cardiac function, and ultimately kidney function. Finally, superimposed infections may occur during ICU stay. In case of COVID-19 infection and CRS, with suspected or confirmed superimposed Gram-negative bacterial infections, the use of PMX-HP is indicated in the early phases to provide endotoxin adsorption \[[@B10]\]. PMX-HP should be used for 2 subsequent days. If CRS is present, this treatment should be followed by methods for cytokine adsorption (CytoSorb, Cytosorbents, NJ, USA; HA-380, Jafron, China; and oXiris, Baxter, Deerfield, IL, USA), and if organ support is required, CRRT should be implemented in conjunction or afterward. Such treatment of endotoxin removal, cytokine removal, and organ support along the course of the ICU stay is referred to as sequential extracorporeal therapy. Thus, ECOS represents the perfect combination of techniques to provide blood purification in COVID-19 patients \[[@B1], [@B83]\] (Fig. [3](#F3){ref-type="fig"}). Specifically, for cytokine removal, different approaches have been suggested: (a) direct hemoperfusion using a biocompatible sorbent; (b) plasma adsorption on a resin after plasma separation from whole blood; (c) CRRTs with hollow fiber filters with adsorptive properties; (d) high-dose CRRT with MCO or HCO membranes. These therapies find a rationale in the prevention of organ damage induced by the CRS associated with severe COVID-19 infections \[[@B1], [@B79], [@B80], [@B81], [@B82], [@B83]\].

Practical Recommendation for Critically Ill COVID-19 Patients {#sec1_7}
=============================================================

When extracorporeal therapies are prescribed in COVID-19 patients, we recommend the use of jugular double-lumen catheters of adequate size to allow sufficient blood flow regardless of type of treatment. It is fundamental to anchor the catheter firmly to avoid accidental disconnection during mobilization and pronation as frequently required in these patients. A prothrombotic status requires incremental dosage of anticoagulation both to maintain circuit patency and to manage the thrombophilia of the patient. In the case of unfractionated heparin, we start with 10 IU/kg/h, but in some patients, a higher dosage of up to 15 and 20 IU/kg/h may be required to ensure circuit patency. Independent of extracorporeal therapy, patients may be treated with low molecular weight heparin to prevent episodes of micro- or macro-embolism which is frequently observed as a complication of COVID-19 infection. Blood flows above 150 mL/min and the use of diffusive techniques (CVVHD) with minimal filtration fraction further help avoiding circuit clotting. If long-term treatment is planned, regional citrate anticoagulation can be prescribed, although no evidence of superior outcomes has been provided. Furthermore, some centers find this technique too complicated or requiring too many interventions at the bedside. COVID-19 areas are often already overwhelmed by procedures and further nurse load should be avoided. If possible, later generation CRRT machines should be used with the possibility of modifying circuit characteristics during treatment or directing spent dialysate directly to the drain, avoiding frequent bag changes \[[@B84]\]. According to current experience and in the absence of any specific therapy besides supportive measures, we suggest that cytokine removal strategies should be reserved for COVID-19 patients with evidence of high circulating cytokines such as IL-6 and IL-8, a biochemically determined inflammatory status, high SOFA score, clinical symptoms of hemodynamic instability requiring vasopressors, and initial signs of immune dysregulation or disorders of coagulation cascade. Markers such as plasma ferritin or urinary biomarkers of kidney stress may also be useful to identify cases of hyper-inflammation. Clinical criteria alone may be surrogates of hyper-inflammation, but they should be evaluated case by case. In the future, genetic profiling may guide the initiation of this therapeutic strategy for specific patients. If PMX-HP is indicated for suspected sepsis (high procalcitonin and/or positive bacterial culture) or confirmed by elevated endotoxin activity assay, 2-h sessions in 2 subsequent days are advised. A third session might be required in some patients. These sessions may or may not be followed by hemoperfusion with CytoSorb or HA-380. If hemoperfusion is indicated for removal of cytokines, multiple sessions can be scheduled in subsequent days. In all cases, anticoagulation should be provided to maintain circuit patency, and a blood flow rate higher than 120 mL/min should be prescribed. In addition, oXiris or polymethylmetacrylate membranes can also be utilized in CRRT mode for the purpose of cytokine removal. When RRT is indicated, this can be performed with current membranes, with HCO or MCO membranes both in continuous or intermittent modalities \[[@B1], [@B13], [@B79], [@B80], [@B81], [@B82], [@B83], [@B84], [@B85], [@B86], [@B87], [@B88], [@B89]\]. Due to frequent mobilization and pronation, patients may be treated with prolonged intermitted sessions (PIRRT) to allow nursing maneuvers. Because of severe hemodynamic instability and the need to control the patients\' fluid balance, fluid removal should be carefully scheduled to avoid hypotension that could worsen kidney injury or delay recovery. In the absence of established drugs or vaccines for COVID-19, the pathophysiological rationale beyond typical supportive therapies, such as ventilation, may suggest the application of ECOS techniques in patients who respond to clinical or biochemical criteria of eligibility. We are fully aware that these recommendations are not yet based on solid evidence but rather on clinical experience matured on the field. Specific prevention and protection measures to avoid development of organ failure from cytokine storm, or targeted organ support therapies might help critically ill patients with COVID-19 where there is little or nothing except supportive treatment. Clinical conditions (shock-like syndrome with vasopressor requirement, capillary leak syndrome, myocarditis, and ARDS) and laboratory criteria (IL-6 and inflammatory markers) and AKI biomarkers could represent the triggers to implement single or various extracorporeal treatments in sequence. In COVID-19 patients, all these new features and advances may represent a real option at a time when pharmacological and vaccine options are close to zero.
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![A complete overview of 40 years of evolution in technology for extracorporeal therapies in the critically ill patient (modified from Ref. \[[@B3]\]). CAVHD, continuous arteriovenous hemodialysis; CAVHDF, continuous arterio-venous hemofilration; CVVH, continuous veno-venous hemofiltration; CVVHD, continuous veno-venous hemodialysis; CVVHDF, continuous veno-venous he­modiafiltration; CRRT, continuous renal replacement therapy; MOST, multi-organ support therapy; CPFA, coupled plasma filtration adsorption; ECCO~2~R, extracorporeal CO~2~ removal; HCO, high cut-off.](bpu-0001-g01){#F1}

![Schematic representation of different ECOS systems. ECOS, extracorporeal organ support; CVVH, continuous veno-venous hemofiltration; CVVHD, continuous veno-venous hemodialysis; CVVHDF, continuous veno-venous hemodiafiltration; CRRT, continuous renal replacement therapy; SLED, slow extended dialysis; SCUF, slow continuous ultrafiltration; CPFA, coupled plasma filtration adsorption; ECCO~2~R, extracorporeal CO~2~ removal; VA-ECMO, veno-arterial extracorporeal membrane oxygenation; VV-ECMO, veno-venous extracorporeal membrane oxygenation; AHD, adsorption hemodialysis; HP, hemoperfusion; PF, plasmafiltration; PE, plasma exchange.](bpu-0001-g02){#F2}

![Pathways of kidney damage and proposed treatments in COVID-19 infections. Didactically 3 broad aspects are involved in COVID-19-associated AKI. Bidirectional involvement of each element occurs, represented by Set Theory and the presence of intersections. Treatment strategies also influence different elements simultaneously. **a** Neutro-macroporous resin adsorbing beads magnified picture. **b** Bead on transmission electron microscopy. **c** Cytokine release syndrome and other triggers for cytokine generation. **d** MCO has more uniformity in pore size distribution and pore density; these characteristics enable the membrane to effectively remove middle molecules in the range of most cytokines with tolerable albumin loss. **e** ECMO circuit. **f** Filter used in CRRT for fluid balance control, removal of nephrotoxins, correction of hyperkalemia, and metabolic acidosis. AKI, acute kidney injury; AV ECMO, arteriovenous ECMO; β2MG, β2 microglobulin; CRRT, continuous renal replacement therapy; CVVH, continuous veno-venous hemofiltration; ECCO~2~R, extracorporeal carbon dioxide removal; ECMO, extracorporeal membrane oxygenation; HCO, high cut-off; MCO, medium cut-off membrane; IAH, intra-abdominal hypertension; IL, interleukin; kDa, kilodalton; LVAD, left ventricular assist device; TNF, tumor necrosis factor; VV ECMO, veno-venous ECMO.](bpu-0001-g03){#F3}
